Background: For Canadian men, prostate cancer (PCa) is the most common cancer and the 3rd leading cause of cancer mortality. Men dying of PCa do so after failing castration. The management of metastatic castration-resistant prostate cancer (mCRPC) is complex and the associated drug treatments are increasingly costly. The objective of this study was to estimate the cost of drug treatments over the mCRPC period, in the context of the latest evidence-based approaches.
Background
For Canadian men, prostate cancer (PCa) is the most common cancer and the 3rd leading cause of cancer mortality. As reported in 2012 by the Canadian Cancer Statistics, approximately 4,000 deaths were directly related to PCa [1] .
It is well known that the growth of PCa is dependent on androgens. In the early 1940s, Huggins and Hodges demonstrated the importance of testosterone in PCa biology [2, 3] . Since then, hormonal therapy (HT) or androgen ablation (ADT) has evolved from surgical to medical castration, initially achieved by luteinizing hormonereleasing hormone agonists (LHRHa) [4, 5] , and more recently, by gonadotropin-releasing hormone antagonists [6] [7] [8] [9] [10] [11] . For patients with a high-risk of recurrence or progression of disease, medical and surgical castration remain the treatments of choice for hormone-sensitive PCa. Although surgical castration is much less expensive, the vast majority of patients are treated by medical castration.
ADT continues to play a key role in the treatment of advanced PCa. The 1st line of ADT for advanced PCa is an effective treatment that relieves symptoms (if present) and delays progression for several years [6, 12] . However, virtually all of these patients will progress to a castrate resistant phase, known as castration-resistant PCa (CRPC) with a median survival of 30 months [13] . The start of the CRPC phase coincides with the rise in serum prostatespecific antigen (PSA) levels despite castrate levels of serum testosterone. Maintenance of ADT is believed to be important in CRPC, however the evidence remains weak [14, 15] .
The addition of an anti-androgen (AA) to block the effect of residual testosterone on the androgen receptor in patients medically or surgically castrated with ADT, helps to achieve maximum androgen blockade [16, 17] . This is often considered as a 2nd line hormonal manipulation with a response rate of about 30% to 50% lasting for a mean duration of six months. Subsequently, antiandrogen withdrawal after relapse on maximum androgen blockade can result in an additional response rate of 20% to 30% for an average duration of four to five months [18, 19] . Following anti-androgen treatment failure, further hormonal manipulation using adrenal androgen inhibitors may be considered [18] . Previously, ketoconazole was the agent of choice in this setting; however, ketaconazole use has decreased in the last few years because of its side effects, as well as emerging new evidence in favor of other hormonal treatments, such as abiraterone acetate [20] . Over a median follow-up period of 22.2 months, overall survival was superior in abiraterone-prednisone treated patients (median not reached) compared to patients receiving prednisone alone (median = 27.2 months). Furthermore, abiraterone showed superiority with respect to the time to initiation of cytotoxic chemotherapy (median time of 25.2 months in abiraterone-prednisone group and 16.8 months in prednisone-alone group).
During the CRPC period, patients often have distant metastases, with 90% of them bone-related [18, 21] . This often causes severe pain as well as increases the risk of bone-related events such as pathologic fractures or spinal cord compression [22] . Therefore, supportive therapy targeting bone health using zoledronic acid or denosumab is indicated to decrease bone-related events [23] [24] [25] .
Since 2004, cytotoxic chemotherapy with docetaxel has been the standard of care for metastatic CRPC (mCRPC) patients progressing on 1st-or 2nd-line ADT. Docetaxel showed significant yet modest improvements in survival (median of 3 months) and quality of life for patients with mCRPC [26, 27] . Until recently, the therapeutic options for patients progressing on docetaxel were limited [28] . According to the most recent Canadian guidelines for the management of mCRPC [29, 30] , re-treatment with docetaxel can be considered for some patients [31, 32] . Patients may also be treated with mitoxantrone. However, the spectrum of mCRPC treatment now includes several new treatment options, particularly for patients having already received docetaxel therapy. These treatments provide several additional months of survival compared to mitoxantrone [33] . Health Canada has recently approved three such novel drugs, cabazitaxel, abiraterone and enzalutamide [34] [35] [36] [37] . Unfortunately, their high cost-effectiveness ratios have prompted provincial public healthcare systems in Canada to restrict access to public reimbursement. Consequently, in Quebec, access is totally restricted for cabazitaxel, whereas for abiraterone, access to the drug is only permitted for eligible mCRPC patients after docetaxel [38, 39] . At the time of writing this manuscript, enzalutamide is not yet covered.
The contemporary management of mCRPC is very complex and is possibly associated with large drug costs. The main objective of this study was to develop a mathematical model to predict the total cost of medications associated with the most likely used mCRPC management strategies currently and in the near future, in the context of current evidence-based medicine treatment strategies applied to the Quebec healthcare system.
Methods
This study was performed by using a modeling approach. Our modeling was based on Canadian clinical practice guidelines related to mCRPC and the results of clinical trials performed on this specific population. The selection of clinical trials was based on the target population, consisting of patients in the mCRPC phase receiving specific lines of treatment [17, 18, 20, 26, 34, 36, 40] as per Canadian clinical practice guidelines [29, 30] .
Predictive model for the management of mCRPC
Two Markov models with Monte-Carlo microsimulations [41] were developed in order to simulate the management of the disease (treatment sequences) and to estimate the cost of drug treatments in mCRPC, as per Quebec's public healthcare system and the latest drug developments. The model consists of distinct health states, which represent, clinically and economically important events that occur to patients in the mCRPC phase. All patients enter the first state. They may remain in that state (progression-free) in consecutive cycles, may move to either the subsequent state (progression) or can go to the dead state. The patients cannot return to the previous state. The health states were defined as treatment-related states since their sequence follows the treatment lines used in disease management. Because the mCRPC treatment pathway is related to the primary medication, the following general primary treatment sequence was assumed from the start of mCRPC: 1) 2nd HT, 2) 2nd HT withdrawal, 3) 1st chemotherapy/3rd HT, 4) 3rd HT/1st chemotherapy, 5) 2nd chemotherapy/ Other treatments, and 6) Other treatments (OtherTx). Other treatments state can include chemotherapy retreatment or other best supportive care therapies. Our first model was based on Canadian guidelines for the management of castrate-resistant PCa [29, 30] , using the list of medications approved for reimbursement by Quebec's public insurance plan at the time of publication of these guidelines [42] ( Figure 1A) . This simulates the current treatment pathway and its associated cost of medications in Quebec in 2013. The following primary treatment sequence was assumed: 1) bicalutamide (AA); 2) bicalutamide withdrawal (AAwd); 3) docetaxel based-chemotherapy plus prednisone (docetaxel); 4) abiraterone acetate plus prednisone (abiraterone); and 5) OtherTx. This model reflects the most likely current management strategy of mCRPC in Quebec in 2013, and was named "Current model". A second model was developed in the context of the latest evidence-based medicine for mCRPC management ( Figure 1B ) and was named "Alternate model". The specific treatment sequence under the Alternate model was assumed as follows: 1) bicalutamide (AA); 2) bicalutamide withdrawal (AAwd); 3) abiraterone acetate plus prednisone (abiraterone); 4) docetaxel based-chemotherapy plus prednisone (docetaxel); 5) cabazitaxel based-chemotherapy plus prednisone (cabazitaxel); and 6) OtherTx.
The Markov model with Monte-Carlo microsimulations is a robust state-transition model that enables a dynamic treatment sequence to be simulated over the entire mCRPC period. The Monte Carlo microsimulation (also known as discrete event simulation) [43] [44] [45] is an individual level simulation that generates individual patient histories for outcomes (patient events and costs). Each simulated patient (trial) is included in the model and all patients' events and costs will be accounted for during simulations by using tracker variables. Tracker variables add memory to the model and this allows us to know the simulated course for each patient. Essentially, it keeps track of the history of passage through the treatment-specific states during the simulation period as well as the associated costs. Our models simulate treatment sequences, duration of treatments and death in patients with mCRPC over onemonth cycles. The models were built using TreeAge Pro 2013 (Release 13.1.1.0, TreeAge Software Inc.). The models simulate the patients' transitions between treatment-related states until they die, or up to two years after they have completed the last available line of treatment. As patients with mCRPC often die of their cancer, no distinction was considered in our models for PCa related deaths. The mean cost per patient is the average of individual cost estimations obtained with the Monte-Carlo microsimulations. The 95% confidence interval (95% CI) for the mean cost was obtained through simulation of 1,000 samples of equal sample size.
Transition probabilities
The transition probabilities among the different Markov models' treatment-specific states were based on data obtained from selected studies [17, 18, 20, 26, 34, 36] . Each line of treatment in mCRPC was documented in terms of treatment duration, progression-free survival and overall survival. The data are presented in Table 1 . In order to obtain probabilities corresponding to one-month transition cycles, rates were converted using time-dependent monthly probabilities [41] . A minimum duration was assumed for each treatment in order to reach the median duration of treatment observed in clinical trials.
Cost assignments
All costs were assigned in 2013 Canadian dollars ($) and were estimated from the 2013 Quebec's public healthcare system perspective. Therefore, the unit cost of each drug treatment was documented from the Regie d' assurance maladie du Quebec (RAMQ)'s list of medications approved for public reimbursement in Quebec [42] . Drug costs of chemotherapy administered in hospitals were based on the Montreal General Hospital pharmacy list [46] and a body surface area of 1.9 m 2 . This corresponds to the normal values reported for men in the general population [47] . Furthermore, as the sequence of treatment is not well defined in the OtherTx state (patients can participate to clinical trials or receive either docetaxel re-treatment, mitoxantrone or other best supportive therapies), the cost of primary treatments received was considered 0. Computation of costs was based on treatment protocols or regimens derived from clinical trials [17, 18, 20, 26, 34, 36, 40] .
Cost analyses
The cost of drug treatments in the mCRPC phase was estimated overall (total cost), by specific lines of treatment and categorized into: 1) the cost of primary drug treatment (drug acquisition, administration cost and pre-treatment medications used as prophylactic medications for chemotherapy-induced side effects e.g. dexamethasone); 2) the cost of medical castration for maintaining castrate testosterone levels (LHRHa); and 3) the cost of bone-targeted therapies, which consist of drugs used to prevent skeletal-related events (denosumab or zoledronic acid). Over the mCRPC period, 95% and 90% of patients were assumed to receive the medical castration and the bone-targeted therapy, respectively. The Canadian total drug cost of mCRPC was estimated by multiplying the number of patients that have journeyed to the mCRPC period before end-of-life (assumed to be equal to the number of PCa deaths in 2012 in Canada), by the mean cost of drugs over the mCRPC period.
Sensitivity analysis
As there is no data available in the literature describing medication utilization rates in mCRPC (i.e. the proportion of patients progressing from one line of treatment to another), several scenarios were tested by varying (increasing and/or decreasing) the percentage of patients receiving the most expensive therapies. These scenarios were suspected to have the most important impact on the cost estimates. In addition, current population receiving specific treatment might be different from the population in clinical trials. As such, according to experts' opinion, the following four scenarios have been considered plausible in actual clinical practice and have been tested. The first scenario assumed a 10% and 20% variation of the probability of transition from docetaxel to subsequent treatment. Scenario 2) assumed that 20%, 30% and 50% of patients received docetaxel re-treatment after docetaxel. Scenario 3) assumed that 50%, 70% and 100% of patients received maximum androgen blockade before entering the mCRPC phase, so their mCRPC phase starts at docetaxel (Current model) and abiraterone (Alternate model) initiation. Finally, scenario 4) assumed that 90%, 80% and 70% of patients received directly docetaxel (Current model) or abiraterone (Alternate model) after AA. 
Results

Probabilities and cost estimations
The monthly probability of death, probability of transition to subsequent line of treatment and probability of staying in the same line of treatment were calculated for each line of treatment (data not shown). Unit and monthly costs of medications are listed in Table 2 . Primary medication cost varied from $59 per patient per month for bicalutamide, to $8,460 per patient per month for cabazitaxel. The corresponding values for medical castration and bone-targeted therapy are estimated at $371 (cost of goserelin acetate) and $585 (cost of denosumab/zoledronic acid), respectively.
Simulated treatment sequence, duration of treatments, survival in mCRPC and validity of the predictive models . This corresponds to the normal values reported for men in the general population [47] . The chemotherapies' monthly cost was calculated under the assumption that the patients do not share the vials; 
Total cost of medications over the mCRPC period
Under the Current model, the total cost of medications over the entire mCRPC period was estimated at $48,428 (95%CI: $47,624 -$49,232) per patient (Table 5) . Primary medications (AA, docetaxel and abiraterone) accounted for 49.1% of the total cost, medical castration for 20.4%, and bone-targeted medications for 30.5%. The corresponding value in the Alternate model was: $104,071 (95%CI: $102,373 -$105,770), from which primary medications accounted for 68.5%, medical castration for 12.6% and bone-targeted medication for 18.9%. Furthermore, the monthly cost of medications in mCRPC increased by 61.9% in the Alternate model. The cost for medical castration and bone-targeted medication increased by 32.8% (due to the difference in mCRPC duration of 28.1 months in the Current model and 37.3 months in the Alternate model), whereas the cost of primary medication tripled compared to the Current model. This increase is attributed to the cost of cabazitaxel (35.4%), doubled treatment duration of abiraterone (38.5%) (median of 9 months when administered after docetaxel, compared to 19 months when administered before docetaxel), as well as 18.4% more patients receiving abiraterone when prescribed before docetaxel (26.1%). 
Sensitivity analysis
The results of the sensitivity analysis are presented in Table 6 . Various scenarios were formulated and the results were consistent with the primary results; except for the scenarios when the entry into the mCRPC phase corresponded with docetaxel (Current model) and abiraterone (Alternate model) initiation for 50%, 70% and 100% of patients, respectively. In these scenarios, the mean cost per patient per month increased up to $500 in the Current model and up to $1,000 in the Alternate model.
Discussion
Our study highlights the important economic burden related to medications over the entire period of mCRPC, based on current management of the disease in Quebec and the latest drug developments. In Canada, over a mean period of 28.1 months (estimated with the Current model) the total cost of mCRPC medications associated with the most likely current management strategies of an annual cohort of 4,000 patients was estimated at $193.6 million. For an equivalent period of time, if abiraterone was offered to patients before docetaxel and cabazitaxel, the total cost was increased to $313.5 million, and up to $416.3 million over a mCRPC mean duration of 37.3 months (estimated with the Alternate model).
Our models simulated durations of treatment that were very similar to those reported in clinical trials. However, since the median duration of abiraterone before docetaxel was not reported, the median duration of abiraterone of 19 months (obtained with the Alternate model), was compared to the median time to radiographic progression-free survival of 16.5 months, and to median time to cytotoxic chemotherapy initiation of 25 months, as reported in the clinical trial [20] .
Some differences were also observed in survival from initiation of a particular line of treatment, compared to survival showed in clinical trials. This is mainly explained by the fact that in clinical trials, treatments are evaluated individually across a line of treatment, and not in sequence with a preceding or subsequent line of treatment. However, the median overall survival estimated from the start of mCRPC was comparable to that reported in the literature [13] . Furthermore, a 9 month difference in mean duration of mCRPC was observed between the Alternate model and the Current model (37.3 versus 28.1 months). We believe this can be explained by the difference in disease severity between patients that received abiraterone before docetaxel (asymptomatic mCRPC) compared with patients that received abiraterone after docetaxel (symptomatic mCRPC). Further evidence is required to better understand if the financial effort of offering abiraterone before docetaxel is translated into a real clinical advantage over the strategy of offering abiraterone after docetaxel. The Alternate model showed that 65% of the increase of mCRPC cost is attributable to this sequence change. It is important to understand if this cost difference is due to overtreatment or not of asymptomatic patients. Besides the fact that our study was not designed to respond to this question, our results highlight the financial implication of this management strategy. Provincial or federal authorities, such as the Institut national d'excellence en santé et en services sociaux (INESSS) and the pan-Canadian Oncology Drugs Review (pCODR), assess new drugs in the treatment of mCRPC or other cancers through an evaluation process based primarily on the results of clinical trials and cost estimates. Each new drug is evaluated individually across a particular line of treatment, with limited consideration to the public reimbursement impact of the global cost of mCRPC. To the best of our knowledge, there is no study specific to the Canadian context or elsewhere, which evaluates the total cost of mCRPC medications in the changing landscape of mCRPC management. On the other hand, there are a few studies evaluating the direct costs associated with end-oflife care in PCa patients, particularly within the last 6 to 18 months of life [48] [49] [50] . However, these reported costs did not include the costs of newer treatments, such as abiraterone, cabazitaxel, and denosumab. In the predocetaxel era, the cost of prostate cancer-specific drugs over the last 18 months of life was estimated at $1,695 per patient (2004 Canadian $) [48] . In addition, two studies reported the cost of drugs in both the pre-and post-docetaxel eras [50] . A mean cost of US$72 was estimated among a cohort with less than 25% of patients having received docetaxel. Furthermore, the mean cost of drugs permonth-per-patient rose more than 6 times, from US $254 in the pre-docetaxel period to US$1,623 in the postdocetaxel period [51] . These figures included drugs such as docetaxel, other chemotherapies (mitoxantrone), androgen deprivation therapies, ketoconazole and prednisone.
This study has several limitations worth mentioning. The predictive models were based on treatment sequences and the probabilities of transition were derived from clinical trials. This leads to two main concerns. Firstly, the characteristics of patients participating in clinical trials are often different from those of the simulated population, and thus, the results cannot be generalized. For example, there is no study evaluating cabazitaxel on patients having previously received abiraterone before or after docetaxel, yet cabazitaxel is likely to be used in sequence after docetaxel and abiraterone. Secondly, our estimated cost is a predicted cost of medications in mCRPC, rather than an actual cost. Furthermore, the estimates do not include the cost of other primary medications that patients can receive after abiraterone (Current model) or cabazitaxel (Alternate model), such as mitoxantrone or docetaxel re-treatment. In this context, a cohort study is suitable to estimate the actual treatment pathway and the actual cost of mCRPC based on real-life data and to capture the true variability of treatment choices. Our study is restricted to the most likely treatment sequences in Quebec in 2013. However, by conducting the sensitivity analysis, we measured the impact of the most important assumptions of the models on the cost estimates. Another limitation is that this cost evaluation was based mainly on costs derived from Quebec's RAMQ. Nevertheless, the cost of medications is generally similar across Canadian provinces. Consequently, the transferability of these results is reasonable to Canada. Third, the cost of adverse events associated with primary therapy (i.e. febrile neutropenia, stomatitis and diarrhea) was not considered; therefore the cost of mCRPC could be underestimated. In addition, our cost estimates are only drug-related. The total cost of mCRPC that includes palliative radiotherapy would be much higher. In addition, the impact of the very recent approval of enzalutamide for mCRPC failing docetaxel chemotherapy will have to be evaluated once provincial authorities provide reimbursement. Finally, the principal limitation of our study, as well as others employing modeling, is the reliance on estimates as opposed to prospective cohort evaluations. However, the newer treatment options (abiraterone and cabazitaxel) were not available before 2012, and consequently, our modeling approach is the only possible alternative to estimate cost at the present time and in the near future. Reassuringly, the simulated durations for each treatment were similar to those reported in clinical trials, which confirm the validity of our model and, correspondingly the accuracy of our cost estimates. Finally, our study does not compare the cost-effectiveness ratios associated with these treatments since it is obvious that these approved drugs deliver clinical benefits including prolonged survival.
Other encouraging developments in mCRPC treatment have recently been revealed [52] . These include drugs such as TAK-700 (orteronel), a non-steroidal, selective inhibitor of the 17,20-lyase activity of CYP17A-a key enzyme in the production of steroidal hormones [52, 53] , as well as radium-223 dichloride (radium-223), a targeted alpha emitter that selectively binds to areas of increased bone turnover in bone metastases [54] . In addition, the US Food and Drug Administration has approved an immune based therapy, called sipuleucel-T for patients with metastatic disease and minimal symptoms [55] . Other therapies primarily related to anti-angiogenesis [56] could potentially be part of the spectrum of mCRPC treatment. Thus, it is possible that after a short period of time, the management of mCRPC will become even more complex and the associated drugs cost even higher.
It is clear that there is a lack of knowledge examining the contemporary cost of PCa management, particularly in the advanced stages. Our study helps demonstrate the costs associated with various specific mCRPC management strategies. We hope that such information will support decision makers in their process of evaluation of new drugs by integrating the economic evaluation of the overall disease management in addition to the traditional sequential line of treatment approach. Furthermore, this will help clinicians be more aware of the financial impact of their medical decisions. There is no doubt that in order to afford new expensive treatments, one must find cost savings elsewhere in the disease management process. For example, continuous medical castration during the mCRPC stage is associated with significant costs, yet questionable benefit. The costs of new and expensive therapies for mCRPC can perhaps partially be recovered by the decreased use of LHRHa therapies, estimated to account for 21% of the total cost of mCRPC.
Conclusions
In conclusion, over a mean period of less than three years, we showed that the cost of mCRPC medications is significant and susceptible to increase in the near future to prohibitive levels. In the current setting of rising treatment and drug costs, especially for the treatment of advanced cancers, the economic burden on the Canadian healthcare system and Canadians has increased dramatically. Therefore, access to cancer drugs for mCRPC in the Canadian healthcare system has become challenging. With our model, we are able to simulate the management of mCRPC and its associated costs over this period. This can be a valuable tool for decision makers and clinician leaders, helping influence decisions about public access to innovative treatments, and assisting in achieving optimal management for these patients. Furthermore, this model is able to provide a real-time estimation of the financial impact on the total cost of mCRPC of a certain decision at a particular level over the course of mCRPC treatment.
